Abstract: Based on the nonlinear variation of density with temperature (NDT) in the buoyancy term, the mixed convection flow along a vertical plate of a micropolar fluid saturated porous medium is considered. In addition, the effect of homogeneous-heterogeneous reaction and convective boundary condition has been taken into account. Using lie scaling group transformations, the similarity representation is attained for the system of partial differential equations, prior to being solved by a spectral quasilinearization method. The results show that in the presence of aiding and opposing flow situations, both the species concentration and mass transfer rate decreases when the strength of homogeneous and heterogeneous reaction parameters are enhanced.
Introduction
The study of mixed convection, heat and mass transfer embedded in porous media has substantially increased during the past decades, owing to its wide range of applications including thermal insulation, extraction of crude oil and chemical catalytic reactors, and heat exchangers *Corresponding Author: Chetteti RamReddy: Department of Mathematics, National Institute of Technology, Warangal-506004, India; Email: chittetiram@gmail.com, chramreddy@nitw.ac.in Teegala Pradeepa: Department of Mathematics, National Institute of Technology, Warangal-506004, India placed in a low-velocity environments, among others. A comprehensive review of convective heat transfer in Darcy and non-Darcy porous medium can be found in the books by Vafai [1] , Ingham and Pop [2] and Nield and Bejan [3] . The characteristics of fluids with suspended particles cannot be successfully interpreted by the theory of Newtonian fluids, leading to many researchers combining these analyses with micropolar fluids. Eringen [4] initiated the theory of micropolar fluids, in which microscopic effects arising from the local structure and micromotion of the fluid elements are taken into consideration. In addition, these fluids can be used to analyze the behavior of exotic lubricants, animal blood, polymer fluids, clouds with dust, sediments in rivers and liquid crystal with rigid molecules, etc. A deep monograph to the discrete aspects of micropolar fluid, along with the applications of these fluids in the theory of lubrication and porous media is reported in the books by Lukaszewicz [5] and Eremeyev et al. [6] . Further the study of micropolar fluids in Darcy and non-Darcy porous medium is presented in Srinivasacharya and Ramreddy [7, 8] .
Progress in mixed convection and chemical reactions have been largely devoted to heat and mass transfer problems. With applications including drying, evaporation at the surface of the water body, energy transfer in wet cooling surface and the flow in a desert cooler. Most of the chemical reactions comprise of both homogeneous and heterogeneous reactions. The homogeneous reaction takes place in bulk of the fluid, while heterogeneous reaction occurs on some catalytic surfaces. Generally, the interaction between the homogeneous and heterogeneous reactions are very complex and is involved in the production and consumption of reactant species at various rates, both on the catalytic surfaces and within the fluid. Chaudhary and Merkin [9] explained the homogeneousheterogeneous reactions in boundary layer flow, with in-fluence of loss of autocatalyst represented by a dimensionless parameter. Shaw et al. [10] analyzed the effect of homogeneous-heterogeneous reactions on micropolar fluid flow from a permeable stretching or shrinking sheet, including influence of permeability. Kameswaran et al. [11] discussed the stagnation point flow over a shrinking or stretching sheet placed in a saturated porous medium, assessing the effect of homogeneous-heterogeneous reactions. The combined effects of external magnetic field and internal heat generation on heat and mass transfer of nanofluid flow in the presence of homogeneousheterogeneous reactions is examined by Nandkeolyar et al. [12] .
The broad research interest in heat transfer problems with convective surface boundary condition is motivated by prominent applications in metal drying, transpiration cooling process, laser pulse heating, current carrying conductor cooled by ambient air, and nuclear fuel rod cooled by a liquid metal coolant etc. In convective boundary condition, heat is supplied to the convecting fluid through a bounding surface with a finite heat capacity, which provides a convective heat transfer coefficient. Makinde and Aziz [13] scrutinized hydro-magnetic mixed convection flow along a vertical plate embedded in a porous medium, with influence of convective boundary condition. In the presence of uniform magnetic field and thermal radiation, the stagnation point flow towards stretching plate in a micropolar fluid with slip velocity and convective boundary condition investigated by Mostafa et al. [14] . Swapna et al. [15] analyzed the mixed convection magneto-micropolar fluid flow along a vertical porous stretching sheet embedded in a Darcy porous medium including influence of radiation, variable viscosity and convective boundary condition. In recent times, Ramreddy et al. [16] presented the spectral quasi-linearization method for the mixed convection flow in a micropolar fluid saturated porous medium with convective boundary condition.
In all erstwhile studies, effect of nonlinear convection is neglected. In nonlinear convection, the density temperature relation is nonlinear which causes a nonlinear convective heat transfer. Further, the nonlinear variation in buoyancy may effect on the flow and heat transfer characteristics (for more details see Barrow and Rao [17] and Vajravelu et al. [18] ). This physical concept has a wide range of applications in geothermal and engineering such as pore water convection near salt domes, cooling of electric equipment, and the residual warm water discharged from a geothermal power plant. Kameswaran et al. [19] studied the thermophoretic and nonlinear convection flow in non-Darcy porous medium. The convective flow of nonlinear density-temperature relationship over an impulsive stretching sheet examined by Motsa et al. [20] , solving the system of equations by the spectral homotopy analysis method. Nandkeolyar et al. [21] investigated the effect of viscous dissipation on a stagnation point flow of a nanofluid through a stretching sheet, with an influence of nonlinear convection.
Motivated by aforementioned papers, the objective of this paper is to analyze the effect of homogeneousheterogeneous reactions on mixed convection flow of a micropolar fluid embedded in porous medium, with the influence of nonlinear convection under convective boundary condition. A spectral quasi-linearization method is employed to solve the system of equations. Also, the physical quantities of the flow and heat transfer coefficient are analyzed in both aiding and opposing flow situations for various parameters namely, the micropolar parameter, nonlinear convection, Darcy parameter and Biot number.
Mathematical Formulation
Consider the steady, laminar, mixed convective flow of micropolar fluid along a vertical plate embedded in Darcy porous medium. The fluid density is assumed to vary with temperature in nonlinear form. Choose the coordinate system such that the x-axis is along the vertical plate and yaxis normal to the plate. The physical model and coordinate system are shown in Fig. 1 . The temperature difference between the plate and the medium are assumed to be large. The velocity of the outer flow is of the form ue, the free stream temperature is T∞. The plate is either heated or cooled from left by convection from a fluid of temperature T f with T f > T∞ corresponding to a heated surface (assisting flow), and T f < T∞ corresponding to a cooled surface (opposing flow) respectively.
Let us assume a simple homogeneous-heterogeneous reaction model exists as proposed by Chaudary and Merkin [9] in the following form: For the homogeneous reaction we took cubic autocatalysis, namely
While on the catalyst surface, we have the single isothermal first order reaction:
By employing Boussinesq approximation and making use of the standard boundary layer approximations, the governing equations for the micropolar fluid [22, 23] ) are given by:
+ ρg
where u and v are the Darcy velocity components in x and y directions respectively, ω is the component of microrotation whose direction of rotation lies in the xy-plane, T is the temperature, a, barb are concentrations of the chemical species A and B, D A and D B are the respective diffusion coefficients of species A and B, g * is the acceleration due to gravity, ρ is the density, µ is the dynamic coefficient of viscosity, β 1 , β 2 are the coefficient of thermal expansion, κ is the vortex viscosity, j is the micro-inertia density, is the spin-gradient viscosity, α is the thermal diffusivity of the medium. Further, we follow the work of many recent authors by assuming that
. The boundary conditions are:
(7b) where, the subscripts w and ∞ indicate the conditions at the wall and at the outer edge of the boundary layer respectively, h f is the convective heat transfer coefficient, k is the thermal conductivity of the fluid, a 0 is a positive constant and ks is the rate constant.
Introducing the following dimensionless variables:
where U∞ is the reference velocity and Re = (U∞L)/ν is the global Reynold's number. In view of the continuity equation (1), we introduce the stream function ψ by
Using (8) and (9) into (2)- (6), we get the following momentum, angular momentum, energy and species A and B concentration equations: 
In usual definitions, ν is the kinematic viscosity, N = 
Similarity solutions via Lie group analysis
A one-parameter scaling group of transformations which is a simplified form of Lie group transformation, is selected as [25] Γ :
Here ε ≠ 0 is the parameter of the group, α ′ s are arbitrary real numbers and are not all simultaneously zero. Equations (10)- (14) along with the boundary conditions (15) Using the procedure explained in the article by Mutlag et al. [26] and Uddin et al. [27] , we have the following similarity transformations:
where β T0 and β T1 are constant thermal expansion coefficients.
Using Eq. (18) into Eqs. (10)- (14), we get the following similarity equations:
where the primes indicate partial differentiation with respect to η alone. χ =
is the nonlinear densitytemperature (NDT) parameter and λ = Gr Re 2 is the mixed convection parameter. We also notice that λ > 0 corresponds to assisting flow, λ < 0 corresponds to opposing flow, respectively.
The boundary conditions (13) in terms of f , g, θ and ϕ become
It is expected that the diffusion coefficients of chemical species A and B are of comparable size, which leads us to further assumption that the diffusion coefficients D A and D B are equal, i.e., δ = 1 [9] . This assumption leads to the following relation:
Thus, equations (22) and (23) reduce to
and are subject to the boundary conditions
The wall shear stress and the wall couple stress are
(28a) and the rate of heat transfer from the plate given by
The non-dimensional skin friction C f = 2τw ρu are given by
where Re x = ue x ν is the local Reynold's number.
Numerical Solution using the Spectral Quasi-linearization Method (SQLM)
Here, we describe the spectral quasi-linearization method (SQLM) for solving the non-linear system of Eqs. (19)- (21) and (26) along with the boundary conditions (24a)-(24c) and (27 and h r+1 . If the solutions at the previous iteration are sufficiently close to the present iteration, the nonlinear components of the Eqs. (19)- (21) and (26) can be linearised using one term Taylor's series for multiple variables so that the Eqs. (19)- (21) and (26) give the following iterative sequence of linear differential equations:
1 Sc h 
Subject to the boundary conditions:
The above system (30) to (33) constitute a linear system of coupled differential equations with variable coefficients and can be solved iteratively using any numerical method for r = 1, 2, 3,. . . In this work, as will be discussed below, the Chebyshev pseudo-spectral method was used to solve the QLM scheme (30) to (33) (For more details, one can refer the works of Motsa et al. [29, 30] ).
The initial guesses to start the SQLM scheme for the system of equations (30)- (33) are chosen as functions that satisfy the boundary conditions as follows:
Starting from a given set of initial approximations f 0 , g 0 , θ 0 , h 0 the iteration schemes Eqs. (30) to (33) can be solved iteratively for f r+1 (η), g r+1 (η), θ r+1 (η), h r+1 (η) when r = 0, 1, 2,. . . To solve the equations (30) to (33) we discretise the equation using the Chebyshev spectral collocation method.
The basic idea behind the spectral collocation method is the first appearance of a differentiation matrix D which is applied to approximate the differential coefficients of the unknown variables, for example, f (η) at the collocation points as the matrix vector product:
at the Gauss-Lobatto collocation points
where N + 1 is the number of collocation points (grid points), D = 2D η∞ is the differentiation matrix and its entries are clearly defined in Canuto et al. [31] , and
T is the vector function at the collocation points. Similar vector functions corresponding to g, θ and h are denoted by G, Θ and H respectively. Higher order derivatives are obtained as powers of D, that is
where p is the order of the derivatives, η∞ is a finite length that is chosen to be numerically large enough to approximate the conditions at infinity in the governing problem, and τ is a variable used to map the truncated interval The effect of the various parameters involved in the investigation on these coefficients is discussed in the following section.
Results and Discussion
In order to validate the code generated, the results of the present problem have been compared with works of Merkin [32] and Nazar et al. [33] of Biot number on non-dimensional velocity f', microrotation g, temperature θ and species concentration h across the boundary layer. Initially at the surface of the plate, velocity is zero and rises sequentially away from the plate to the free stream value satisfying the boundary conditions. It can be noticed from Fig. 2(a) that an increase in the intensity of convective surface heat transfer Bi causes an increment in the fluid velocity within the momentum bound- ary layer in the aiding flow situation. However, the fluid velocity shows the reverse trend in the opposing flow situation. In Fig. 2(b) , the microrotation behavior can be observed that as the parameter values Bi increase, the microrotation shows reverse rotation near the two boundaries in both aiding and opposing flow cases. Hence, the drastic change of the microrotation profiles is due to the condition of vanishing of the antisymmetric part of the stress on the boundary. As Biot number increases implies that the convective heating rises, Bi → ∞ simulates the isothermal surface, which is clearly observed from the Fig. 2(c) , where θ(0) = 1 as Bi → ∞. Usually, for high Biot number the internal thermal resistance of the plate is high and the boundary layer thermal resistance is low. In this, the fluid temperature is maximum at the plate surface and decreases exponentially to zero value far out from the plate satisfying the boundary conditions. The temperature increases with increase of Biot number for both aiding and opposing flow situations. Fig. 2(d) illustrates the effect of the Biot number on species concentration, revealing that in the case of opposing flow situation the species concentration decreases, whereas in the aiding flow situation it increases.
With varying nonlinear convection parameter (NDT)
The second set of Figs. 3(a)-3(d) depicted for N = 0.5, Da = 0.1, K = 1, Ks = 1 and Bi = 1, refer to the variation of nonlinear convection parameter on non-dimensional velocity f ′ , microrotation g, temperature θ and species concentration h across the boundary layer. The nonlinear convection (NDT) parameter χ measures the nonlinearity in density-temperature relationship. The influence of NDT parameter χ on the velocity profile is depicted in Fig. 3(a) , demonstrating that as NDT parameter increases the velocity of the fluid increases in aiding flow, but decreases in opposing flow case. From Fig. 3(b) it observed that for both opposing and aiding flow cases the microrotation is showing reverse rotation near the two boundaries with increased value of NDT parameter. From Fig. 3(c) it perceived that the fluid temperature decreases in aiding flow situation, but for the opposing flow case it increases. From Fig. 3(d) it is clear that for both opposing and aiding flow situations, the species concentration profile depicted opposite trend to the temperature profile.
With Varying values of Darcy number (Da)
The third set of Figs 
With Varying values of K and Ks
The fourth and fifth set of figures aiding and opposing flow situations, the species concentration and mass transfer rate decrease with an increase of homogeneous and heterogeneous reaction parameter. We also noticed that the effect of heterogeneous reaction is more about the species concentration as compared with the homogeneous reaction. which are proportional to the coefficients of skinfriction, wall couple stress and heat transfer rate with effect of different combinations of the coupling number N, Biot number Bi, NDT parameter χ and Darcy parameter Da for fixed K and Ks parameters in the presence of both opposing and aiding flow situations. It can be found from the table that the effect of coupling number N for fixed Bi = 0.1, χ = 0.2 and Da = 0.1, shows that the skin friction factor is more for micropolar fluid than the viscous fluids (N = 0). This is because micropolar fluids offer a heavy resistance (resulting from vortex viscosity) to the fluid movement, thus causes larger skin friction factor compared to viscous fluid. It can be noticed that for larger values of coupling number N, lower wall couple stresses and heat transfer coefficient, but higher skin friction for both opposing and aiding flow. Also for fixed N = 0.5, χ = 0.2 and Da = 0.1, it can be observed that in the presence of opposing and aiding flow situations the skin- friction and wall couple stress coefficients show the opposite trend, but heat transfer coefficient enhances with the rise of Bi. From the table it can be revealed that with an increase of NDT parameter for fixed N = 0.5, Bi = 1 and Da = 0.1, the skin friction and heat transfer rate increase in aiding flow situation and decrease in opposing flow, whereas wall couple stress increases in opposing flow and decreases in case of aiding flow. It can be seen from the table that for both opposing and aiding flow cases as Darcy parameter increases, the skin friction and heat transfer coefficient increases, but wall couple stress coefficient decreases with fixed parameters N = 0.5, Bi = 5 and χ = 0.2.
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Conclusions
This paper investigates the mixed convection flow of micropolar fluid in porous medium by taking into account of homogeneous-heterogeneous reactions and nonlinear convection effects with the convective boundary condition. The resulting equations are solved numerically by a spectral quasi-linearization method. The main findings in the cases of aiding and opposing flows are summarized as follows:
• With influence of Biot number Bi, the skin friction coefficient, velocity, and species concentration increase, but wall couple stress coefficient decrease in the aiding flow situation. For the opposing flow case, the reverse trend is observed. The temperature and heat transfer rate increase in both aiding and opposing flow. Moreover, we observe that the microrotation shows reverse rotation near two boundaries within the boundary layer.
• In case of aiding flow situations, for higher values of NDT parameter χ results in lower temperature distribution and wall couple stress coefficient, but higher velocity distribution, species concentration, skin friction coefficient and heat transfer rate. Further, in case of opposing flow situation, lower in velocity distribution, species concentration, skin friction coefficient and heat transfer rate whereas higher in temperature and wall couple stress coefficient. Also, microrotation exhibits the opposite trend far away from the wall. • In the presence of both aiding and opposing flow situations, the skin friction coefficient, heat transfer rate, velocity and species concentration are less, whereas the wall couple stress and temperature more with increase of Darcy parameter. Further, microrotation depicts the reverse trend.
• It is found that with increase of strength of homogeneous and heterogeneous reaction parameters K and Ks, species concentration and mass transfer rate decreases in both aiding and opposing flow situations. We conclude that the effect of heterogeneous reaction is greater at species concentration as compared with homogeneous reaction. 
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